Fetal bovine chondrocytes isolated from the resting zone of epiphyseal cartilage were maintained in high-density culture for 4 weeks. From Day 2 in culture, the chondrocytes deposited an extracellular matrix composed of Types II, M, and XI collagen. Types IX and XI collagen were restricted to the pericellular domain from Day 5. By 2 weeks the entire cell layer stained for antibodies to Type I1 and IX collagens. Type XI could be demonstrated throughout the cell layer by pepsinization of the sections. Results from both rotary shadowing and immunochemistry showed that the fibrils formed in culture were heterotypic, with Type M collagen arranged along the surface and with Type XI collagen buried in Type II fibrils. Nonspecific Type VI collagen and the glycoproteins tenascin and fibrillin, previously described in cartilaginous tissue, were identified by their ultrastructural characteristics in the cell layer homogenate. Although the cells presented morphological characteristics of chondrocyta and still expressed cartilage-specific collagens, the appearance of Type I collagen in the culture cell layer after 4 weeks of culture demonstrates a partial dedifferentiation of the chondrocytes. The culture system described in this report provides an interesting tool for maintaining chondrocytes in a cartilage-like matrix to study the influence of different physical and chemical factors on the expression and differentiation of the cells. (Jh%tochem Cytochem 41:867-875,  1993) 
Introduction
Hyaline cartilage matrix consists of hydrated proteoglycans embedded in a collagenous network. This extracellular matrix is synthesized by highly specialized mesenchyme-derived cells: the chondrocytes. The biomechanical properties of the tissue are determined by the tensile strength of the collagen network and the hydration brought about by the presence of a large amount of proteoglycans.
The collagenous network is composed of several different types of collagen (Petit et al., 1992; Eyre, 1991; von der Mark et al., 1976) . Types 11, IX, and XI collagen are characteristic of cartilaginous tissue, and Type X collagen is restricted to hypertrophic cartilage. Other nonspecific collagens were recently described as integral components of cartilaginous matrix: the ubiquitous Type VI collagen is distributed throughout the cartilage matrix as loo-nm periodic filaments interwoven with Type I1 collagen fibrils (Keene et al., 1988) . Supported Types I and I11 collagen, components of most other connective tissue, have been reported to be restricted to the articular surface of fetal and newborn cartilage (Treilleux et al., 1992) .
It is now accepted that Types 11, M, and XI collagen are associated in heterotypic fibrils . Results obtained with fetal bovine cartilage initially localized Type IX collagen at the pericellular zone (Duance et al., 1982; Ricard-Blum et al., 1982) , but electron microscopic studies with immunoperoxidase labeling indicated a preferential location in the fine fibrils close to the chondrocyte surface (Hartmann et al., 1983) , and subsequent work demonstrated that Type M is present throughout the extracellular matrix (depending on hyaluronidase digestion conditions) (Vilamitjana et al., 1989) . The findings that Type IX molecules are covalently cross-linked to Type I1 molecules through a pyridinoline crosslink in both bovine and chick cartilage (Eyre et al., 1987; Wu and Eyre, 1984) and that these molecules are arranged in a D-periodicity pattem along Type I1 fibrils (Bruckner et al., 1988; Vaughan et al., 1988) were of importance for locating Type IX molecules in the matrix.
The distribution of Type XI was also initially restricted to the pericellular domain of fetal bovine chondrocytes (Ricard-Blum et al., 1982) ; however, a recent study of embtyonic chick sterna showed 867 that detection of Type XI throughout the extracellular matrix by immunogold labeling requires disruption of Type I1 fibrils. This result demonstrates that Type XI collagen interacts with Type I1 collagen to form the regular 25-nm diameter fibrils . Therefore, the molecular organization of the striated fibrils of cartilage is more complex than was thought previously, and the precise roles of the different components of the fibrils are still unclear. Type IX and Type XI collagens were both assumed to control Type I1 fibril growth (Eikenberry et al., 1992; Mendler et al., 1989; Wotton et al., 1988) . The role of fibril constituents was also proposed to be stabilization of the cartilage network by interaction with proteoglycans or other components of the matrix. An interesting approach for investigating how macromolecules interact to give rise to the supramolecular assembly observed in cartilage is to study the early step of fibrillogenesis using an adequate cell culture system. Chondrocytes are phenotypically unstable and dedifferentiate rapidly when cultured at low density, involving a switch from Type I1 to Type I collagen synthesis. Several culture systems have been developed to prevent or slow chondrocyte dedifferentiation; these include culture in agarose gel (Benya and Shaer, 1982) , in collagen gels (Gibson et al., 1984; Kimura et al., 1984) , and at high density (Harmand et al., 1982; Kuettner et al., 1982a,b) . We report on 4-week cultures of fetal bovine chondrocytes isolated from the resting zone of epiphyseal cartilage and plated at high cell density. The purpose of this study was to determine, using both immunochemistry and rotary shadowing, if this culture system forms an extracellular matrix composed of the proteins present in cartilage tissue in vivo (Types 11, IX, XI, VI collagen, fibrillin, and tenascin) and organized into typical quaternary structures (heterotypic fibrils for Types 11, IX, and XI collagen, 100-nm periodic filaments for Type VI collagen, and beaded filaments for fibrillin), similar to that of the parent articular cartilage. Such a culture system could represent a useful tool to study collagen synthesis and fibrillogenesis in a cartilage-like matrix.
Materials and Methods
Cell culture. The resting zone of epiphyseal cartilage was dissected from the femoral head of 3-month calf fetuses after careful removal of the articular surface and the growth plate. Chondrocytes were released by treatment with a mixture of 0.25% collagenase dispase (Boehringer; Mannheim, Germany) for 3 hr at 37'C. washed in RPMI-NCTC medium (Seromed; Sigma, St Louis. MO) plus 10% fetal calf serum (FCS), and plated on plastic flasks (25 cm2) (Corning; Corning, NY) or on glass coverslips at a cell density of 4 x 10'/cm2. Cells were grown in RPMI-NCTC medium containing 10% FCS and penicillin-streptomycin (50 U, 50 pglml) at 37°C in 5% CO2 in air. Medium containing sodium ascorbate (50 pg/ml) was replaced every 3 days for 1 month.
Antibodies. Types I, 11. IX, and XI collagen and the corresponding monospecific rabbit antibodies against bovine collagens were prepared, purified and checked as previously described (Hartmann et al., 1983; Ricard-Blum et al., 1982) .
The concentrated IgG fraction containing anti-Type XI collagen antibodies was incubated twice with pepsinized Type I1 collagen in fibrillar form to eliminate antibodies that crossreact with Type I1 collagen. In the first incubation, one volume of antibody solution in a final dilution of 1:20 was mixed with eight volumes of Type I1 collagen (4 mg/ml). After overnight incubation, the antibodies were separated by ultracentrifugation at 100.000 x gat 4°C for 2 hr from the complexes formed by Type I1 collagen and crossreacting IgG. The supernatant was re-incubated overnight with the solution of Type I1 collagen (4 mg/ml) but in a ratio of 1:1 (vlv). After further ultracentrifugation the supernatant was collected and the specificity of the anti-Type XI antibodies was tested by dot-blot and Western blot.
Monoclonal antibodies CiiCl to anti-rabbit Type I1 collagen, which crossreact with bovine Type I1 collagen, were obtained from the European collection ofanimal cell cultures (Holmdahl et al., 1986) . Ascites fluid was kindly provided by Dr. C. Lethias (of our laboratory).
U~trastructud Study of Cell Culture. Cultures were fixed in 2% glutaraldehyde in PBS for 30 min (for 2-and 5-day-old cultures) or for 1 hr (for 2-and 4-week-old cultures) at room temperature, post-fixed in 2% os04 in PBS, dehydrated in a graded series of ethanol, and finally embedded in Epon. Thin sections were stained with uranyl acetate and lead citrate and examined under a Jeol12OO EX electron microscope at the Centre de Microscopie Elecuonique Appliquee I la Biologie et I la mologie, Univer-sit6 Claude Bernard, Villeurbanne, France.
Immunofluorescent Staining. Two-and 5-day-old cultures were fixed in 2.5% paraformaldehyde in PBS for 30 min. Digestion with 0.2% hyaluronidase (Sigma Type 111, 800 U/mg) in PBS for 60 min at 37°C revealed extracellular staining of the different collagen types. Intracellular staining was performed by permeabilizing cells with 0.1% Triton X-100 in PBS for 20 min, followed by a wash in PBS. Two-and 4-week-old cultures were detached from the plastic dishes, washed in PBS, and frozen in liquid nitrogen. Frozen cross-sections were then placed on microscope slides precoated with 1% gelatin, washed in PBS, and subsequently treated with hyaluronidase (0.2%, 90 min at 37°C). To localize Type XI collagen, some sections of 4-week-old cultures were treated with pepsin (Sigma, 3740 Ulmg) at 0.1 mg/ml in 0.5 M acetic acid, 0.2 M NaCl for 1 hr at room temperature and then washed in PBS. Before antibody treatment, samples from each stage were incubated for 1 hr in 1% bovine serum albumin (BSA). They were then incubated with the primary antibodies diluted in PBS/1% BSA (1:25 for polyclonals anti-Type I, 11, and 1X collagens; 1:40 for polyclonal anti-Type XI collagen; 1:lOO for monoclonal anti-Type I1 collagen), with preimmune rabbit serum, or with normal ascites fluid (control) for 1 hr at room temperature. Samples were then washed thoroughly with PBS, incubated in fluorescein-conjugated goat anti-rabbit serum (Institut Pasteur; Paris, France), and washed again in PBS. For fluorescent double staining, the cells were first incubated with monoclonal Type I1 antibodies followed by fluorescein-conjugated sheep anti-mouse serum (Institut Pasteur) and then incubated with polyclonal anti-Type I or IX collagens, followed by rhodamine-conjugated goat anti-rabbit serum (Nordic Immunological; Tilburg, The Netherlands). Experiments were also done using polyclonal antibodies for the primary incubation followed by incubation with monoclonal antibodies. No change in the intensity or localization of the labeling was observed. All samples were mounted in glyceroUPBS (1:l) and examined on a Zeiss Universal microscope equipped for epifluorescence. Two sets of filters were used, with the Zeiss exciter BP 430-490 for fluorescein and BP 546-610 for rhodamine.
Extraction and Isolation of Components Produced in Culture. Cell layers cultured for 4 weeks were detached from plastic flasks, washed in PBS containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM N-ethylmaleimide, 2.5 mM EDTA), frozen in liquid nitrogen, and homogenized in a tissue homogenizer (Spex Industries; Metuchen, NJ). The homogenate was then washed twice in PBS containing protease inhibitors and treated with 5 M urea overnight at 4'C. The resulting suspension was centrifuged at 2000 x g for 20 min. and the supernatant was replaced by fresh PBS. This procedure was repeated twice to obtain a homogeneous suspension of the extracellular matrix components produced in culture.
Measurement of Fibril Diameters. Suspensions of extracellular matrix components were dropped onto Formvar-copper grids, washed with PBS, and then stained negatively with 2% phosphotungstic acid (PTA) at pH 7.4 for 20 sec or stained positively with 0.4% PTA at pH 3.5 for 15 min, followed by 1% uranyl acetate in water for 10 min. Fibril diameters were . . Rotary Shadowing. The above-mentioned suspension was dialyzed against 1 M ammonium acetate and mixed 1:1 with glycerol before being sprayed onto a freshly cleaved mica sheet and immediately placed on the holder of an Edwards vacuum evaporator and evacuated to Torr. Samples were shadowed with platinum (a coil of 3 cm of 0.2-mm platinum wire was completely evaporated off tungsten rods at 10 V (2 mA) at an angle of 8*, followed by 90' for carbon for 10 sec. The mica sheet replicas were floated onto distilled water before being picked up on 200-mesh copper grids.
Immunoelectron Microscopy. A suspension of cell layer homogenate was absorbed onto carbon-collodion nickel grids, washed with PBS, treated for 30 min with 1% BSA in PBS. and then incubated for 2 hr with collagen type-specific polyclonal antibodies at various dilutions (1:lO for anti-Type I antibodies: 1:50 for anti-Type IX antibodies) in blocking solution. After washing with PBS/I% BSA and then three times with PBS, the grids were floated for 1 hr on drops of 1:50 colloidal gold particles ( 5 nm) coated with goat anti-rabbit IgG Uanssen Life Sciences; Beerse, Belgium) in blocking solution. After washing in PBS, the grids were stained negatively with 2% PTA at pH 7.4 for 20 sec. Control experiments were performed with rabbit pre-immune serum.
Results

Ultrastructure
When chondrocytes were plated at high cell densities (4 x lo5 cells/cm*). at least 90% became attached to the plastic surface and the cell number remained stable over the 4-week culture period (data not shown).
The pericellular fibrillar matrix observed after 2 days of incubation gave rise to a cartilage-like structure. After 5 days in culture, thin striated fibrils surrounded the chondrocytes ( Figure IA) , and in some areas seemed to be connected directly to the chondrocyte membrane. Many thin filaments bearing electron-dense granules were observed and resembled proteoglycan structures that in- ?ems\-- (Figure 1A) . After4 weeks in culture, the chondrocytes contained expanded cisternae of rough endoplasmic reticulum, suggesting active protein synthesis, and the thin network of sparse collagen fibrils was still increased. Collapsed, electrondense granules were seen on the fibrils (Figures 1B and IC) , and vesicles containing dense material were found in the extracellular matrix ( Figure IC) . The fibrils were 10-25 nm in diameter, with an abundant average at 20 nm; only a few wider fibrils were observed, with an average diameter of about 65 nm (Figure 2 ). 
Immunofluorescent Staining
After 5 days in culture the cells were spherical and synthesized Types 11, IX and XI collagen but not Type I collagen, as revealed by immunofluorescence. Intracellular double staining with Type I1 collagen monoclonal antibodies and Type IX collagen antibodies (Figures 3A and 3B) showed that the same cell could synthesize Types I1 and M collagen at the same time. Since the chondrocytes retained their spherical shape when plated at high density, the intracellular staining was difficult to focus correctly. Intracellular staining with Type XI antibodies showed that chondrocytes in this stage of the culture also synthesized this type of collagen ( Figure 3C ). With intracellular double staining, no label was observed with antibodies against Type I collagen ( Figure 3E) , whereas anti-Type 11 collagen strongly stained the same cells ( Figure 3D ). Controls with non-immune se-rum ( Figure 3F ) or ascites fluid (for monoclonal antibody controls) instead of the primary antibodies showed no staining.
Extracellular staining, revealed only after the removal of proteoglycans by hyaluronidase digestion, was restricted to pericellular staining with anti-Types IX and XI collagen antibodies (Figures 3H and 31) . The anti-Type I1 collagen antibodies stained the pericellular area and a thin network in the extracellular matrix ( Figure 3G) .
After 2 and 4 weeks in culture, the cell layer detached easily from the plastic dish. Cross-sections showed that the culture layer consisted of a thick, irregular extracellular matrix surrounding isolated cells, and that this matrix increased in density with the culture period. After 4 weeks, the cell layer thickness ranged from 50 to 80 pm. Removal of the proteoglycans was necessary to obtain strong staining with antibodies against Type I1 and Type M collagens throughout the culture layer ( Figures 4A and 4B for 2-weekold cultures; Figures 4F and 4G for 4-week-old cultures) . Under the same experimental conditions, Type XI was detected only at the cell periphery and intracellularly after 2 and 4 weeks in culture ( Figures 4C and 4H) ; with pepsin digestion before incubation with anti-Type XI collagen antibodies, however, strong staining of the entire matrix was obtained (Figure 41 ).
Intracellular staining with antibodies against Type I collagen was observed rarely in cells after 2 weeks in culture ( Figure 4E ). After 4 weeks in culture, staining was localized at the periphery of the cells and in patches throughout the extracellular matrix (Figure 4J) . Controls with non-immune serum showed no staining (Figure 4D) .
The components synthesized by chondrocytes after 4 weeks in culture were visualized by rotary shadowing after homogenization and treatment of the entire cell layer with urea. Thin fibrils (about 20 nm in diameter) were loosely formed, and most of them exhibited projections ending in a globular domain along their surface ( Figure 5A ). When these fibrils were labeled with Type IX antibodies, they were found to bear 5-nm gold particles ( Figure 5B ). The fine filaments (6-10 nm in diameter), with projections ending in a globular domain along their surfaces ( Figure 5A, inset) , were also labeled by antibodies against Type M collagen ( Figure  5B ). Among the thin fibrils (about 20 nm in diameter), we also observed a few large fibrils ( Figure 5D ) with an average diameter of about 65 nm, clear cross-striation, and no attached molecules.
Other macromolecules were tentatively identified by rotary shadowing on the basis of their characteristic ultrastructure previously described in the literature.
The typical 100-nm banding pattern, which discriminates Type VI fibrils from the other collagens, was seen occasionally ( Figure  5C) . Beaded fibrils with a periodicity of 60-70 nm and monomers of fibrillin were also seen by rotary shadowing. The fibril shown ( Figure 5F ) is identical to the "open form" of fibrillin (Wright and Mayne, 1988) .
Collagen molecules 300-nm long and with a terminal globular domain ( Figure >E) , typical of fibrillar C-pro-collagen, and large, six-armed molecules ( Figure SG) , typical of tenascin, were also present in our preparations.
Discussion
High-density cultures of fetal bovine chondrocytes were investigated by immunochemistry, rotary shadowing, and classical electron microscopy. We have demonstrated the progressive deposition of cartilage-specific collagen types (Types 11, M, and XI) and more ubiquitous proteins (Type VI collagen, fibrillin, and tenascin) in the cell layer. Under the culture conditions used, Type I collagen was first detected intracellularly after 2 weeks in culture and was observed throughout the cell layer after 4 weeks.
After 2 days, most of the cells synthesized Types 11, IX, and XI collagen. Double immunofluorescence staining experiments after 5 days in culture showed that some cells were stained with both anti-Type I1 and anti-Type IX collagen antibodies. The location of the label suggests an intracellular co-distribution of these collagens; however, this conclusion must be confirmed by immunolabeling at the electron microscopic level.
Type XI and Type IX collagens were detected pericellularly after five days in culture. These results confirm the observation of Smith et al. (1989) , who showed that Type XI collagen is preferentially retained at the surface of chondrocytes that are allowed to reconstitute their pericellular matrix in culture.
After 4 weeks in culture, most of the fibrils present in the matrix had an average diameter of 20 nm, similar to that observed in articular cartilage from 2-month-old bovine fetuses (unpublished data). A second population, corresponding to less than 5% of the total fibrils, is composed of fibrils about 60 nm in diameter.
The heterotypic structure of the fibril populations throughout the matrix was demonstrated by the presence of Type IX collagen at the surface of the Type I1 fibrils and was suggested with the staining of the whole matrix using Type XI antibodies after a mild pepsin treatment. These results are in agreement with previous results obtained in vivo in chick , human (Bruckner et al., 1988) , and bovine cartilage (Petit et al., manuscript in preparation) , and in vitro from chondrocytes cultured in agarose gel (Bruckner et al., 1989 ).
An interesting observation was the presence of very thin filaments (6-10 nm in diameter) bearing molecules on their surface identical in size and shape to Type M collagen. Similar filaments were observed in vivo in homogenates from fetal bovine and chick embryo cartilage (unpublished data). The exact nature of the fibrillar collagens that compose the filament (Type I1 orland Type XI) is being determined. It is not yet clear if these filaments represent an initial step of fibrillogenesis or, on the contrary, dissociated fibril. If the filaments are newly formed fibrils, their thickening should involve cleavage of the Type IX molecules to allow the addition of fibrillar molecules (Type I1 or/and Type XI collagens). A similar mechanism was recently proposed by Eyre et al. (1991) involving cleavage of Type IX collagen by stromelysin.
Isolated 300-nm molecules with a globular domain at one end were also observed in our preparation, and might represent Type II C-pro-collagen, since the carboxyl pro-peptide appears as a globular domain on fibrillar pro-collagen molecules (Thom and Morris, 1991; Bachinger et al., 1982) . These molecules probably are not type XI Cpro-collagen, since Thom and Morris (1991) showed that the first processing step of Type XI collagen involves the carboxyl pro-peptide. We have previously observed that the C pro-peptide of Type 11 collagen is retained in newly formed fibrils in chick embryo chondrocyte cultures (Ruggiero et al., 1988) .
Type I collagen detected by immunofluorescence in the cell layer after 4 weeks might comprise the few larger fibrils (60 nm) with an apparent well-defined, 67-nm D-stagger. Preliminary immunogold labeling confirmed this hypothesis (unpublished data). We have not, however, elucidated whether Type I and Type I1 copolymerize in the same fibrils, as shown for chick embryo primary cornea (Hendrix et al., 1982) or whether they polymerize into independent fibrils. The parallel synthesis by chondrocytes of cartilagespecific collagens (11, IX, and XI) and Type I collagen between 2 and 4 weeks in culture demonstrates their partial dedifferentiation in this model. Kuettner et al. (1982a) demonstrated the presence of a large amount of Type 111 collagen in the culture medium in a similar model.
Owing to their characteristic ultrastructure, several other proteins that are present in vivo in the parent tissue were easily detected by rotary shadowing in the extracellular matrix after 4 weeks in culture: beaded filaments of fibrillin, six-armed molecules of tenascin, and Type VI collagen filaments. Although the function of fibrillin in the matrix remains unknown, several functions have been proposed for tenascin, the anti-adhesive protein (Chiquet-Ehrismann, 1990) , including an important role in chondrogenic differentiation by modulating fibronectin-cell interactions and causing cell rounding (Mackie et al., 1987) . Type VI collagen may play a dual role in connective tissue. Current speculation suggests that cell-associated Type VI may be involved in cell attachment (Aumailley et al., 1989) . while the filamentous structure of Type VI collagen, associated with striated collagen fibrils, may be involved in the stabilization of the collagen network (Keene et al., 1988) .
In conclusion, the data presented here confirm the ability of fetal articular chondrocytes cultured at high density to produce a cartilage-like matrix, including nonspecific cartilage proteins. The only dlfference from the parent cartilage was the appearance of Type I collagen synthesis, a marker of chondrocyte dedifferentiation, in 2-week old cultured chondrocytes, which raises a number of questions about the factors responsible for chondrocyte dedifferentiation.
This preparation provides an interesting tool for studying the regulation of the synthesis of the different collagen types and the dynamics of their fibrillar organization. Furthermore, this system appears appropriate to study the chondrocyte response in a tissuelike extracellular matrix to external physical and chemical factors (such as hormones, vitamins, and drugs) known to modulate their phenotypic stability.
